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ABSTRACT
The methods utilized to determine the hydraulic conductivity of compacted clay liners
(CCLs) are of importance for safe guarding the environment from landfill leachate. Therefore,
the methods utilized in the analysis of the Two Stage Borehole (TSB) test, as described in the
ASTM D6391-11 (Method A, B, and C) standard, were evaluated. Data from hydraulic
conductivity tests, as performed on three test pads, were utilized to review the ASTM D6391-11
equations. Additionally, two test pads were instrumented with volumetric water content and soil
water matric potential sensors to facilitate the determination of field-obtained soil water
characteristic curves (SWCCs) and hydraulic conductivity functions (k-functions) for
unsaturated soils. For the determination of the SWCCs and k-functions, each test pad was
subjected to an infiltration cycle, using either a sealed double ring infiltrometer or a two-stage
borehole infiltrometer, followed by a drying cycle. To compare the results that were obtained
from the field-obtained SWCCs and k-functions, laboratory tests were performed on Shelby tube
samples acquired from the corresponding test pad. The obtained data were fitted using the van
Genuchten model and the RETC (RETention Curve) program.
The results that were obtained from TSB testing led to the conclusion that Method B and
C, as written in the ASTMs D6391-11 standard contained errors that impacted the results that
were obtained from hydraulic conductivity testing. Specifically, utilizing Method C provided
results that were four times greater than the hydraulic conductivity and utilizing Method B
provided results that were as much as two orders of magnitude greater than the hydraulic
conductivity. Several recommendations are proposed herein to ensure accurate hydraulic
conductivity analysis is performed in the future. It was further determined that a poor agreement

exists between field-obtained and laboratory-obtained k-functions and SWCCs, as reported in
other studies. Therefore, field-obtained k-functions are preferential, when available.
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CHAPTER 1: INTRODUCTION
1.1. Chapter Overview
Two investigations relating to the testing and performance of compacted clay liners, typical
of landfill liner applications, are described in this document. Specifically, the various testing
methods utilized for two-stage borehole testing, which is commonly used to test and validate
landfill liners, were evaluated for the first investigation. Whereas, the soil water characteristic
curves and hydraulic conductivity functions, obtained from laboratory methods were compared
with field-obtained curves during the second investigation. The field-obtained and laboratorycurves were compared to determine if the laboratory-obtained curves were representative. Within
this chapter: A brief overview of the two investigations is presented in Section 1.2, The
motivations for the two investigations are presented in Section 1.3, and an overview for the
entire document is provided in Section 1.4.
1.2. Description of Work
The construction and hydraulic conductivity testing of field-scale Compacted Clay Liners
(CCLs) using laboratory-scale test pads are described in this document. The testing was
performed as part of an investigation into the methods utilized to evaluate the hydraulic
conductivity of CCLs. Five test pads were utilized to evaluate two different testing techniques.
Specifically, the Two-Stage Borehole (TSB) testing methods, as described in ASTM D6391
(2011), were evaluated with Test Pad1, Test Pad 2, and Test Pad 5. The Sealed Double Ring
Infiltrometer (SDRI) testing method, as described in ASTM 5093 (2015), was evaluated using
Test Pad 3 and Test Pad 4. Additionally, in-situ instrumentation were installed and utilized in
Test Pads 4 and Test Pad 5 to investigate the Soil Water Characteristic Curves (SWCCs), as
obtained in situ rather than as obtained in the laboratory, which is the current industry standard.
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The work conducted by the author was associated with Test Pad 5, which was utilized to
1) evaluate the TSB methods and to 2) obtain in situ SWCCs. The steps of the field-obtained
SWCC, which included the TSB testing in Test Pad 5, are displayed in Figure 1.1. The
development of the Test Pad testing program is detailed in Maldonado and Coffman (2012) and
Nanak (2012).
Field-Scale
Testing

Compacted Clay
Liner (CCL)

Sealed Double Ring
Infiltrometer (SDRI)

Kfield

SWCCfield

In-situ
Instruments

Two-Stage Borehole
(TSB)

Kfield

SWCCfield

WP4

TRIM

SWCClab

Klab

Laboratory-Scale
(Validation) Testing

Soil Sampling
after Drying Cycle

Shelby Tube Specimens

Flexible Wall
Permeability

Figure 1.1. Flowchart of the testing program (modified from Ishimwe et al. 2017).
1.3. Motivation
The implementation of regulations (i.e. Arkansas Regulation Number 22 and EPA
Subtitle D) has successfully improved landfill operations and helped to reduce the impact of
landfill facilities on the environment; however, the regulations rely upon the methods that are
utilized to evaluate and enforce the regulatory requirements. Due to the stringent nature of
regulatory requirements, and due to the difficulty of obtaining operating permits, the need for
accurate and expedient testing results is of paramount importance. Consequently, in-situ tests,
like the two-stage borehole test and the sealed double ring infiltrometer test, have been utilized to
meet this need.
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The two-stage borehole test was developed in 1983 by Dr. Gordon Boutwell to measure
the in-situ hydraulic conductivity of soils (STEI, 1983). Since the inception of the TSB test,
several data reducing methods have been codified (Figure 1.2), but no comprehensive evaluation
of these methods has been disseminated. Due to the vital function that these tests serve in
ensuring the hydraulic conductivity for landfill liners are within regulatory limits, an evaluation
of the different methods was necessary. The literature review and the testing program that were
conducted, and described in this document, fulfilled the needed evaluation.

Method A

Method B

Method C

Figure 1.2. Different methods for calculating hydraulic conductivity according to ASTM D6391
(2011).
TSB tests, as well as other in-situ tests, are used to determine the saturated hydraulic
conductivity. The saturated hydraulic conductivity is the greatest expected value of hydraulic
conductivity and may not be appropriate for all applications. As reported in Fredlund and
Rahardjo (1993), many of the geotechnical engineering problems (e.g., slope stability, shallow
and deep foundations failures following rainfall, swelling and shrinkage of clays) that occur in
arid and semiarid climatic areas are associated with unsaturated soils. Therefore, a better
understanding of the unsaturated soils behavior is necessary for designing various geotechnical
structures.
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The time and cost of the soil testing that is required to determine unsaturated soil
properties have been reduced by utilizing SWCCs and k-functions. Like with other soil
phenomena (strength, permeability, compressibility), these characteristic functions have
historically been measured in the laboratory (Wang and Benson, 2004; Mijares and Khire, 2010;
Wyllace and Lu, 2012; ASTM D6836, 2008) with the results then being applied to determine the
full-scale field responses. Although SWCCs have frequently been obtained in the laboratory,
some field measurements of SWCCs have been completed using field-testing equipment
(Watson et al., 1975; Tzimas, 1979; Li et al., 2004). Therefore, further comparison between
SWCCs obtained from laboratory testing equipment and SWCCs obtained from in situ field
testing equipment is necessary to ensure that laboratory-obtained results are representative of
field conditions. The comparison, as derived from the testing program described in this
document, is reported. Moreover, recommendations regarding usage of SWCCs are also
reported.
1.4. Document Overview
An introduction and overview of the work conducted are provided in this chapter
(Chapter 1). A literature review is provided in Chapter 2. Manuscripts that have been submitted
for journal publication are presented in Chapters 3 and 4, with the manuscripts being presented in
the chronological order in which the work associated with each manuscript was performed.
Specifically, an evaluation of different TSB testing methods is presented in Chapter 3 and details
about the development of field-obtained SWCCs and k-functions are presented in Chapter 4.
Conclusions drawn from the results presented in Chapters 3 and 4 are presented in Chapter 5. A
comprehensive list of references used in this document is included in Chapter 6.
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CHAPTER 2: BACKGROUND
2.1. Chapter Overview
A review of relevant literature is contained in this chapter. The in-situ methods for
determining hydraulic conductivity are presented in Section 2.2. A discussion on different
methods utilized to determine soil water characteristic curves is presented in Section 2.3.
2.2. In-situ Hydraulic Conductivity
There are two industry accepted approaches for determining hydraulic conductivity from a
TSB test, 1) the time lag approach which was originally proposed by Hvorslev (1951) using well
equations and 2) the velocity method that was proposed by Chapuis (1999). Several other authors
have also contributed complementary literature regarding the way in which these two methods
have been applied.
Soil Testing Engineers, Inc. (STEI, 1983) presented the TSB test in 1983 using Case “C”
and Case “G” equations from Hvorslev (1951) to calculate K1 and K2, respectively. For Stage 1
of the TSB test, a borehole is augered into the soil to the depth of interest, and an open bottom
casing (typically polyvinylchloride [PVC]) is then grouted into place with bentonite. The casing
prevents lateral flow as the permeant enters the soil. The apparent vertical hydraulic conductivity
is obtained by monitoring the quantity of permeant entering the soil as a function of time. For
Stage 2, soil is removed from the bottom of the borehole by augering to a specified depth below
the depth of the bottom of the casing. The increased depth permits the permeant to flow in the
lateral direction, through the uncased section of the newly formed borehole. The apparent
horizontal conductivity within the soil is determined during this stage. The hydraulic
conductivity values determined during Stage 1 (K1) and Stage 2 (K2) correspond to the
maximum expected value of the vertical hydraulic conductivity (kv) and the minimum expected
value of the horizontal hydraulic conductivity (kh), respectively.
6

The STEI (1983) method also utilized an anisotropy factor, identified as “m”, to resolve
the apparent values of hydraulic conductivity (K1 and K2) into vertical and horizontal hydraulic
conductivity (kv and kh) values. The value of “m” was originally selected from a table utilizing
the length to diameter ratio of the extended borehole and the ratio of K1 to K2, but can now be
directly determined by using an equation solver. The Soil Testing Engineers, Inc. (1983), method
was presented by Daniel (1989) with some minor changes in terminology. The method presented
by Daniel (1989) included a chart, rather than a table, to estimate the value of “m”. Boutwell
(1992) presented new time lag equations, which although still based on the Hvorslev (1951)
equations, included a temperature viscosity correction term and additional geometric constants
(G) to account for differing boundary conditions. Boutwell (1992) also introduced a new method
to estimate “m”, as based upon the geometric constants. Boutwell and Tsai (1992) presented
corrections for several typographical errors found within Boutwell (1992) and simplified the
terminology utilized for calculating the geometric constants. Additional corrections were
provided in Trautwein and Boutwell (1994).
The first version of the ASTM D6391 standard, about the TSB method, was presented in
1999 (ASTM D6391, 1999). The method presented in Boutwell (1992), Boutwell and Tsai
(1992), and Trautwein and Boutwell (1994) were presented in the standard to calculate the
apparent hydraulic conductivity values (methods to determine “m” were not included). In 2006,
the ASTM D6391 (2006) standard was released; the ASTM D6391 (2006) differed from the
ASTM D6391 (1999) standard because metric units were used as the primary units within the
standard. Two additional methods for calculating apparent hydraulic conductivity are included in
the most current version of the ASTM D6391 standard (ASTM D6391, 2011). These newly
included methods consist of a velocity head method (Method B) and a constant head method
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(Method C). The constant head test method was derived directly from Hvorslev (1951). The
velocity method was derived in Chapuis (1999) and is discussed in more detail later in this
document. The original ASTM D6391 (1999) method, based on the Boutwell (1992) method,
was referred to as Method A in the ASTM D6391 (2011) standard. The equations for Method A
are presented in Equations 2.1 through 2.9. Additionally, the STEI (1983) method for
determining anisotropy from Method A is presented in Equation 2.10 and 2.11 and the equation
utilized in Method C is presented in Equation 2.12.
Z 
Rt G1 ln  1 
 Z2 
K1 
t2  t1 

(ASTM D6391, 2011)

[2.1]

Z 
Rt G2 ln  1 
 Z2 
K2 
t2  t1 

(ASTM D6391, 2011)

[2.2]

(ASTM D6391, 2011)

[2.3]

 D 
 d 2 

1  a
G1  
 11D 
 4b1 

(ASTM D6391, 2011)

[2.4]

 d2 
G3
G 2  
 16FL 

(ASTM D6391, 2011)

[2.5]

G 3  2 ln(G 4)  a ln(G 5)

(ASTM D6391, 2011)
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D   D  



1/ 2

1/ 2

2
 4b2 L    4b2 L  


1






 D D

   D D  
G5 
2 1/ 2
 4b2 L    4b2 L  
 D  D   1   D  D  

  
 

 L
-1.566 
D

F = 1 - (0.5623)e

(ASTM D6391, 2011)

(ASTM D6391, 2011)

8

[2.8]

[2.9]

2
L
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ln  1    
D
 D  
K 2'

m
2
K1'
 mL
 mL  
ln   1    
D
 D  


K1'  k v m 

k

kh
m

 d s2  d m2 z1  z2 
2.75Dkb t2  t1 

(ASTM D6391, 2011)

[2.10]

(ASTM D6391, 2011)

[2.11]

(ASTM D6391, 2011)

[2.12]

In Equations 2.1 through 2.12, d is the internal diameter (ID) of the standpipe; D1 is the ID of
the casing; b1 is the thickness of the tested soil below the casing; Z1 is the effective head at the
beginning of the time increment; Z2 is the effective head at the end of the time increment; t1 is the
time at the beginning of the increment(s); t2 is the time at the end of the increment(s); RT is the
temperature correction factor used to convert k to k20 (k at 20 ͦC); T is temperature (in Celsius);
b2 is equal to (b1 – L/2); L is the length of the Stage 2 extension; a is 1 if the base at b1 is
impermeable, a is 0 for an infinite thickness, and a is -1 if the base at b1 is permeable; K1’ is the
time weighted average for the temporally invariant period for K1; K2’ is the time weighted
average during the temporally invariant period for K2; m is determined by using the Excel
solver function from Equation 2.10; ds is equal to the ID of the standpipe; dm is equal to the
outer diameter (OD) of the Mariotte tube; and kb is the total head acting on the soil (kb= H).
Chapuis (1999) did not agree with the time lag approach for determining hydraulic
conductivity, stating that time lag methods assume: 1) that an impermeable top layer was used,
2) that an inaccurate ellipsoid flow shape was suggested, and 3) that the anisotropy factor could
not be solved. Additionally, Chapuis (1999) believed that the boundary conditions utilized in the
time lag methods were not representative of field conditions (assuming the location of the
piezometric line). Chapuis (1999) stated that these assumptions enabled practitioners to
manipulate testing results. In contrast to the time lag approach, Chapuis (1999) proposed a
velocity-based method for calculating hydraulic conductivity. A velocity graph was suggested by
Chapuis (1999) to determine the hydraulic conductivity value. The location of the piezometric
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line is determined using the velocity graph. This method latter adapted by Chiasson (2005) to
account for perceived scatter in the data at lower values of hydraulic conductivity. The ASTM
D6391-11 Method B (2011) is similar to the method proposed by Chiasson (2005). The
equations for Method B are presented as Equations 2.13 through 2.16.
𝑍𝑡 = 𝑍 ∗ + 𝑍0 exp(−𝑎𝑡)

(ASTM D6391, 2011)

[2.13]

(ASTM D6391, 2011)

[2.14]

(ASTM D6391, 2011)

[2.15]

(ASTM D6391, 2011)

[2.16]

𝑛

1
𝑚𝑖𝑛 ( ∑(𝑍𝑖 − 𝑍𝑡𝑖 )2 )
𝑛
𝑖=1

𝑛

∑(𝑍𝑖 − 𝑍𝑡𝑖 ) = 0
𝑖=1

𝑘 = 𝑅𝑡 𝑎

𝜋𝑑2
11𝐷

In Equations 2.13 through 2.16, Zi is the height from the ground surface to the water in the
standpipe at time i; Zti is the fitted value of Z at time i; H* is a fitting parameter related to total
head; H0 is a fitting parameter related to initial head; and a is a fitting parameter related to the
hydraulic conductivity. Equation 2.14 is minimized and is constrained by Equation 2.15.

In practice, the methods proposed in ASTM D6391 (2011) are utilized when performing
a TSB test. Consequently, the methods in ASTM D6391 (2011) were the primary focus of this
study; however, it is important to note that the methods in the ASTM D6391 (2011) standard
were derived from the earlier methods and earlier standards (i.e. the 1999 and 2006 ASTM D
6391 Standards). Evaluations of these methods, and standards, were performed by Nanak (2012)
and Blanchard (2015) to evaluate the accuracy and efficiency of each method proposed in the
ASTM D6391 (2011) standard.
Another in-situ method that has been utilized is the sealed double ring infiltrometer. The
equations [Equation 2.17 and 2.18] proposed by Daniel and Trautwein (1986) are commonly
used for calculating the in-situ hydraulic conductivity value from SDRI test data. Three methods,
10

previously presented in Trautwein and Boutwell (1994), are commonly utilized to determine the
hydraulic gradient (i), as required to calculate hydraulic conductivity (k). These three methods
include 1) the wetting front method (Equation 2.19), 2) the suction head method (Equation 2.20),
and 3) the apparent hydraulic conductivity method (Equation 2.21). SDRI and TSB testing
methods have been shown to give comparable results as reported in Nanak (2012).
k

I
F
i

(Daniel Trautwein, 1986)

[2.17]

I

Q
tA

(Daniel Trautwein, 1986)

[2.18]

(Nanak, 2012)

[2.19]

i

H  Zw
Zw

i

H  Zw  Hs
Zw

(Nanak, 2012)

[2.20]

i

H Z
Z

(Nanak, 2012)

[2.21]

Within Equations 2.17 through 2.21, I is the infiltration rate, Q is the volume of flow, t is the subtest time duration, A is the area of infiltration, F is the correction factor to account for lateral
spreading of water, H is the head of water above the soil surface, Hs is the suction head at the
location of the wetting front, Zw is the depth of wetting front below the soil surface, and Z is the
depth of the test pad.

2.3. Methods of Determining Soil Water Characteristic Curves
According to Lu et al. (2014), the hydraulic conductivity of soil should not be considered
a constant value. Instead, the hydraulic conductivity of soil is a function of the degree of
saturation and the amount of suction (matric potential) within the soil (Ishimwe, 2014). Soil
Water Characteristic Curves (SWCCs) and Hydraulic Conductivity Functions (k-functions) have
been used to represent unsaturated soil properties for many years (Klute et al. 1986, Fredlund et
al. 1994, Fredlund 1995, Fredlund and Rahardjo 1996, Fredlund et al. 1996, Fredlund and Xing
1997, Lu and Likos 2004, Lu and Kaya 2013). Utilizing tools, like the SWCC and k-functions to
11

account for unsaturated hydraulic properties are required for efficient design of clay liners, as
well as other applications.
As documented within the literature, several laboratory techniques exist for measuring
the SWCC (Klute et al. 1986; Wang and Benson 2004; Mijares and Khire 2010; Wayllace and
Lu 2012; ASTM D 6836 2016). Two specific methods utilized to determine SWCCs in a
laboratory setting include the transient water release and imbibitions methods (TRIM) and the
chilled mirror hygrometer method (WP4).
The WP4 test was reported to be one of the most accurate ways to determine laboratory
SWCCs by Samingan and Schanz (2005). The WP4 method correlates dew point to soil suction
by measuring the relative humidity within a closed system. Humidity measurements that involve
chilling a reflective surface to a temperature at which condensation occurs and then measuring
the intensity at which a transmitted light is reflected from the mirror, are correlated to the soil
suction in Lu and Likos (2004). The WP4 test was originally utilized for soil suction by Gee et
al. (1992).
The TRIM method was originally developed by Wayllace and Lu (2012). The TRIM
device, necessary for TRIM testing, applies a transient flow to a given soil specimen under
different levels of pressure. The water content is then determined through inverse modeling.
Although the technique is relatively new, it has been shown to produce comparable results to
other laboratory techniques. Also, continuous rather than discrete data are produced from the
TRIM method.
It has been reported in the literature that SWCCs are sensitive to factors such as molding
water content, compactive effort, and stress state (Malaya and Sreedeep 2012, Tinjum et al.
1997). Laboratory-obtained SWCCs are often determined utilizing disturbed or completely
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disturbed samples (Garner, 2017), which can affect sensitive SWCC factors and alter the
resulting curve. Because laboratory-obtained curves are applied to field conditions, laboratoryobtained curves must be validated for in situ field conditions.
Although laboratory testing techniques are numerous, few field-scale methods have been
developed to determine SWCCs (Watson et al. 1975; Tzimas 1979; Li et al. 2004; Ogorzalek et
al. 2008). Specifically, Watson et al. (1975) measured the field SWCC using 1) triangular
pyramid frame housing instrumentation to determine water content and 2) tensiometers to
measure the soil water pressure. Li et al. (2004) measured the field-scale SWCCs at the crest and
berm of a large cut slope in Hong Kong using the time domain reflectometry probes and
vibrating wire tensiometers to measure water content and soil suction, respectively. Likewise,
Ogorzalek et al (2008) used time domain reflectometry probes and thermal dissipation sensors to
define the SWCC for a capillary barrier cover in Polston, Montana (Ishimwe, 2014).
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CHAPTER 3: REVIEW OF THE EQUATIONS USED TO CALCULATE HYDRAULIC
CONDUCTIVITY VALUES FROM TWO-STAGE BOREHOLE TESTS
3.1. Chapter Overview
In this chapter, the methods utilized to conduct and interrupt two-stage borehole (TSB)
test data are analyzed and reviewed. Specifically, the three methods, as presented, in the ASTM
D6391-11 (Method A, B, and C) standard were considered. A literature review concerning the
evolution of the different methods was conducted and an experimental testing program was
performed. For this study three compacted clay liners were tested in a laboratory setting and the
results from the different TSB testing methods were compared with each other and with the
results from flexible wall permeability testing on the same soil. Several errors were observed in
ASTM D6391-11 standard and are discussed.
The limitations of the submitted journal manuscript, that is presented in this chapter, are
discussed in Section 3.2. The full citation for manuscript is included in Section 3.3. Moreover,
the motivation for the manuscript that is contained in this chapter is discussed in Sections 3.4 and
3.5. The background of the TSB test and the research study detailed in the manuscript are
detailed in Section 3.6. Descriptions of the methodologies and procedures for the testing
program, test pad construction and testing, calibration of data sheets, and the comparison
between Method A and Method B are presented in Section 3.7.1, 3.7.2, 3.7.3, and 3.7.4,
respectively. The results from the research are presented in Section 3.8; specifically, from the
results from TSB testing, calibration of data sheets, and the comparison between Method A and
Method B are presented in Section 3.8.1, 3.8.2, and 3.8.3, respectively. Finally, conclusions and
recommendations for the TSB testing methods are presented in Section 3.9.
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3.2. Limitations of the Described Study
The manuscript contained in this chapter is limited to the TSB testing methodologies that
were presented in ASTM D6391 (2011). Although ASTM D6391 (2011) represents the major
methodologies utilized by practitioners, other data reduction methods exist for determining
hydraulic conductivity from the TSB test. Many of the varying methods were discussed in the
background section of the manuscript (Section 3.6), but the review is by no means exhaustive,
nor are non-ASTM methods utilized in the comparison of TSB testing results. However, Nanak
(2011) did consider many of the non-ASTM methods. However, the velocity method proposed
by Chapuis (1999) (which corresponds to ASTM D6391 Method B) are not well represented by
Nanak (2011); the velocity method was only discussed in relation to Method B in the manuscript
in this chapter.
3.3. Review of the Equations Used to Calculate Hydraulic Conductivity Values from TwoStage Borehole Tests
Reference
Blanchard, J.D., Nanak, M., Coffman, R.A., (2017). “A Review of the Two-Stage Borehole
Method.” Journal of Testing and Evaluation. Manuscript Number: JTE-2017-0028.R3.
Submitted for Review on November 20th, 2017.
3.4. Abstract
The methods to determine the hydraulic conductivity of compacted clay liners utilizing
two-stage borehole (TSB) tests were investigated. Specifically, the methods described in the
ASTM D6391-11 (Method A, B, and C) standard, were evaluated. Data from hydraulic
conductivity tests, as performed on three test pads, were utilized to review the ASTM equations.
The obtained results led to the conclusion that Method B and C, as written in the ASTMs D639111 standard contained errors that significantly impacted the results of hydraulic conductivity
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testing. Therefore, several recommendations are proposed herein to ensure accurate hydraulic
conductivity analysis is performed in the future.
Keywords: Hydraulic Conductivity, In-situ field testing, Constant Head, Falling Head, TwoStage Borehole.
3.5. Introduction
Since the mid-1970s there has been a growing emphasis on protecting the environment
from exposure to municipal solid waste. This emphasis has led to new regulations about the way
in which municipal waste is disposed of and stored. Many regulations (i.e. Arkansas Regulation
Number 22 and EPA Subtitle D) require landfills to encapsulate municipal waste by using a
compacted clay liner (CCL). Typically, a CCL is placed within an acceptable placement window
(acceptable water content and corresponding acceptable dry density) that ensures the hydraulic
conductivity value (k) for the soil is less than the regulated requirement of 1E-07 cm/s. The
purpose of such regulations is to limit the amount of leachate that can infiltrate into the
groundwater.
The implementation of regulations has successfully improved landfill operations and the
impact of landfill facilities on the environment; however, the regulations rely upon the methods
that are utilized to evaluate and enforce the regulatory requirements. Due to the stringent nature
of regulatory requirements, and due to the difficulty of obtaining operating permits, the need for
accurate and expedient testing results is paramount. Consequently, the two-stage borehole (TSB)
test has been utilized to meet this need.
The two-stage borehole test was developed in 1983 by Dr. Gordon Boutwell (STEI,
1983) to measure the in-situ hydraulic conductivity of soils. Since the inception of the TSB test,
several test methods were proposed (Figure 3.1), but no comprehensive evaluation of these
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methods has been disseminated within the literature. The discussion found herein is a review of
the evolution and the efficacy of different TSB test methods that have been reported within the
literature. Additionally, the methods and results of a testing program conducted at the University
of Arkansas (UofA), which evaluated the three testing methods reported within the ASTM
D6391 (2011) standard, are reported and discussed. Finally, the results and conclusions drawn
from this review and testing program are reported.

Method A

Method B

Method C

Figure 3.1. Different methods for calculating hydraulic conductivity according to ASTM D6391
(2011).
3.6. Background
There are two industry accepted approaches for determining hydraulic conductivity from
a TSB test, 1) the time lag approach which was originally proposed by Hvorslev (1951) using
well equations and 2) the velocity method that was proposed by Chapuis (1999). Several other
authors have also contributed complimentary literature regarding the way in which these two
methods have been applied.
Soil Testing Engineers, Inc. (STEI, 1983) presented the TSB test in 1983 using Case “C”
and Case “G” equations from Hvorslev (1951) to calculate K1 and K2, respectively. For Stage 1
of the TSB test, a borehole is augered into the soil to the depth of interest, and an open bottom
casing (typically polyvinylchloride [PVC]) is grouted into place. The casing prevents lateral flow
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as the permeant enters the soil. By monitoring the volume of permeant entering the soil, it is
possible to calculate the vertical hydraulic conductivity of the soil. For Stage 2, the soil is
augered from the bottom of the borehole to a specified depth extending below the depth of the
casing. This permits the permeant to flow in the lateral direction, through the uncased section of
the borehole, and allows for the determination of the horizontal flow rate within the soil. The
hydraulic conductivity values determined during Stage 1 (K1) and Stage 2 (K2) correspond to
the maximum expected value of the vertical hydraulic conductivity (kv) and the minimum
expected value of the horizontal hydraulic conductivity (kh), respectively.
The STEI (1983) method also utilized the anisotropy factor “m” to resolve the apparent
values of hydraulic conductivity (K1 and K2) into vertical and horizontal hydraulic conductivity
(kv and kh) values. The value of “m” was selected from a table utilizing the length to diameter
ratio of the borehole and the ratio of K1 to K2, but can now be solved for directly using a solver
tool. The Soil Testing Engineers, Inc., method was presented again by Daniel (1989) with some
minor changes in terminology. The method presented by Daniel (1989) also included a chart,
rather than a table, for estimating the value of “m”. Boutwell (1992) presented new time lag
equations, which although still based on Hvorslev (1951) equations, included a temperature
viscosity correction term and additional geometric constants (G) to account for differing
boundary conditions. Boutwell (1992) also introduced a new method for estimating “m”, based
upon the geometric constants. Boutwell and Tsai (1992) presented corrections for several
typographical errors found within Boutwell (1992) and simplified the terminology utilized for
calculating the geometric constants. Additional corrections were presented by Trautwein and
Boutwell (1994).
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In 1999 the first publication of the ASTM D6391 (1999) standard was presented. The
standard utilized the method presented in Boutwell (1992), Boutwell and Tsai (1992), and
Trautwein and Boutwell (1994) to calculate the apparent hydraulic conductivity values (methods
to determine “m” were not included). In 2006, the ASTM D6391 (2006) standard was released,
which updated the 1999 publication by making metric units the primary units within the
standard. The 2011 version of ASTM D6391 (2011) is the current version and includes two
additional methods for determining the apparent hydraulic conductivity. These methods consist
of a velocity head method (Method B) and a constant head method (Method C). The constant
head test method was derived directly from Hvorslev (1951) and the velocity method is
discussed in more detail later. The original ASTM D6391 (1999) method, based on Boutwell
(1992) was titled Method A. The equations for Method A and presented in Equations 3.1 through
3.9. Additionally, the STEI (1983) method for determining anisotropy from Method A is
presented in Equation 3.10 and 3.11 and the equation utilized in Method C is presented in
Equation 3.12.
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In Equations 3.1 through 3.12, d is the internal diameter (ID) of the standpipe; D1 is the ID of
the casing; b1 is the thickness of the tested soil below the casing; Z1 is the effective head at the
beginning of the time increment; Z2 is the effective head at the end of the time increment; t1 is the
time at the beginning of the increment(s); t2 is the time at the end of the increment(s); RT is the
temperature correction factor used to convert k to k20 (k at 200 C); T is temperature (in Celsius);
b2 is equal to (b1 – L/2); L is the length of the Stage 2 extension; a is 1 if the base at b1 is
impermeable, a is 0 for an infinite thickness, and a is -1 if the base at b1 is permeable; K1’ is the
time weighted average for the temporally invariant period for K1; K2’ is the time weighted
average during the temporally invariant period for K2; m is determined by using the Excel
solver function and Equation 3.10; ds is equal to the ID of the standpipe; dm is equal to the outer
diameter (OD) of the Mariotte tube; and kb is the total head acting on the soil (kb= H).
Chapuis (1999) did not agree with the time lag approach for determining hydraulic
conductivity, stating that time lag methods assume: 1) an impermeable top layer, 2) an inaccurate
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ellipsoid flow shape, and 3) that the anisotropy factor could not be solved. Additionally, Chapuis
(1999) believed that the boundary conditions utilized in the time lag methods were not
representative of field conditions (assuming the location of the piezometric line), and enabled
practitioners to manipulate results. In contrast to the time lag approach, Chapuis (1999) proposed
a velocity based method for calculating hydraulic conductivity. The velocity method utilizes the
velocity graph to determine hydraulic conductivity and corrects for the location of the
piezometric line. This method was latter adapted by Chiasson (2005) to account for perceived
scatter in the data at lower values of hydraulic conductivity. ASTM D6391 (2011) Method B is
similar to the method proposed by Chiasson (2005). The equations for Method B are presented as
Equations 3.13 through 3.16.
𝑍𝑡 = 𝑍 ∗ + 𝑍0 exp(−𝑎𝑡)
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In Equations 3.13 through 3.16, Zi is the height from the ground surface to the water in the
standpipe at time i; Zti is the fitted value of Z at time i; H* is a fitting parameter related to total
head; H0 is a fitting parameter related to initial head; and a is a fitting parameter related to the
hydraulic conductivity. Equation 3.14 is minimized and is constrained by Equation 3.15.

In practice, the methods proposed in ASTM D6391 (2011) are typically utilized when
performing a TSB test. Consequently, the methods in ASTM D6391 (2011) were the primary
focus of this study; however, it is important to note that those methods were derived from the
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earlier methods and earlier standards (i.e. the ASTM D 6391 (2009) and the ASTM D6391
(2009) Standards). Evaluations of these methods, and standards, were performed by Nanak
(2012) and Blanchard (2013) to evaluate the accuracy and efficiency of each method proposed in
the ASTM D6391 (2011) standard, the results of which are summarized herein.
3.7. Methods and Procedures
3.7.1. Testing Program
A series of laboratory tests were performed on field-scale test pads within the laboratory.
TSB tests were performed on Test Pad 1, Test Pad 2, and Test Pad 5 and were used to evaluate
the methods proposed in ASTM D6391 (2011). Sealed Double Ring Infiltrometer (SDRI) tests,
which are also commonly utilized to determine hydraulic conductivity, were performed on Test
Pads 3 and 4 and were used to evaluate the methods proposed in ASTM D5093 (2015).
As discussed in Maldonado and Coffman (2012), Test Pad 1 was additionally utilized to
verify that results obtained from the constructed laboratory test pad were comparable to results
obtained from a field test pad using the same soil. Discussion and results contained herein will
focus primarily on Test Pads 1, 2, and 5. The results of Test Pads 3 and 4 are presented only for
the purpose of validation and comparison because a TSB test was not performed within these
pads.
3.7.2. Test Pad Construction and Testing
To evaluate the various methodologies for the TSB data reduction, the methodologies
were analyzed for accuracy and efficiency. To facilitate this analysis, a test pad box was
constructed at the atmospherically controlled UofA Engineering Research Center (ERC). The
test pad box was a 3m-wide by 3m-long by 0.9m-deep square wooden box, constructed from
timbers and braced by rakers. Furthermore, the bottom of the box was lined with a 0.15m-thick
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pea gravel drainage layer (piezometric line) that was covered with a sheet of geotextile, and the
sides of the box were lined with plastic sheets. The test pad box was constructed so as to be in
compliance with the area constraints outlined in ASTM D6391 (2011) and ASTM D5093 (2015).
A schematic of the test pad box is presented in Figure 3.2.

Compacted Clay Lift (nominal 0.15-meter thick)
2x4
Wooden
Rakers

2x12 Wooden
Facing

Lift 4
Lift 3
Lift 2
Lift 1

Gravel Lift (nominal 0.15-meter thick)

2x4
Anchored
to Floor

Woven Geosynthetic

3-meters

Figure 3.2. Dimensions of test pad box, modified from (Nanak, 2012).
The soil utilized in this testing program was identified as Northwest Arkansas “Red Dirt”.
Red Dirt was selected because of its availability in Northwest Arkansas and because this material
has been utilized as a landfill liner at the nearby Eco-Vista Landfill. The results of soil index
testing, reported in Nanak (2012), classified the Reddirt as a lean clay (CL) consisting of 87.5
percent fines, with a clay fraction of 27.3 percent, a liquid limit of 36, and a plastic limit of 17.
The soil was stockpiled outside of the ERC and covered with a geosynthetic cover when not
being used within a given test pad. Following deconstruction of each test pad, the soil from each
test pad was placed back into the stockpile for reuse in future test pads. During the construction
of each test pad, the soil was brought into the ERC using a tractor with a back-hoe attachment, a
fork lift, and soil bags.
Test Pads 1, 2, and 5 were constructed utilizing similar construction procedures.
However, there were variations in the Test Pad 5 construction procedure, which were associated
with the procedures to facilitate in-situ instrumentation. For each test pad, four 0.15m-thick
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compacted lifts were utilized to construct a 0.6-m thick compacted clay liner, which is a typical
thickness utilized for landfill liners and covers. The thickness of each loose lift was verified
using a tripod mounted automatic level and a level rod. The loose elevations were measured at
each corner and at the center of the box for each lift.
Following placement of the loose lift, compaction of the clay liner was achieved using a
Wacker BS700 gasoline powered rammer (Figure 3.3). For each lift, two passes were made with
the compactor to achieve the aforementioned 0.15m-thick nominal compacted lift thickness. Any
area that was not well compacted by the compactor (sides and corners of the box as well as
directly over in-situ instrumentation in Test Pad 5) was compacted with a 0.2m by 0.2m square
manual tamper. For each pass, compaction started in an outer corner of the test pad and
progressed in a spiral pattern towards the center of the pad. Similar to the loose elevations, the
compacted elevations were measured at each corner and at the center of the box for each lift.

Wacker BS
700

Manual Tamper

(a)
(b)
Figure 3.3. (a) Manual tamper on center of pad, (b) Wacker near the center of pad.
Test Pad 5 was compacted to facilitate the installation of in-situ instrumentation;
however, the aforementioned compaction methods that were utilized for Test Pad 1 and 2 were
followed as closely as possible. Time Domain Reflectometry (TDR) probes and Water Matric
Potential (WMP) sensors were installed within Test Pad 5 to monitor the volumetric water
content and soil suction during TSB testing as part of an investigation of the Soil Water
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Characteristic Curve (SWCC) that was described in Ishimwe (2014). One TDR probe and one
WMP sensor were installed 0.05m below the top of Lift 1 and Lift 2 and three of each type of
sensor were installed in Layer 4, with sensor heights above the base of Layer 4 being 0.05m,
0.10m, and 0.15m. A total of five TDR probes and five WMP sensors were used within Test Pad
5. To facilitate the placement of multiple sensors within Lift 4, Lift 3 and 4 were divided into
two sub-lifts. Each sub-lift was comprised of a 0.1m-thick loose lift that was compacted with
one-half of the compaction effort than what was utilized for a regular 0.2m-thick loose lift (one
pass of the ramming compactor instead of two passes).
To ensure that the results of hydraulic conductivity testing were comparable between the
different test pads, a zone of acceptance was developed and used as an acceptance criterion for
each soil layer. The zone of acceptance (ZOA) was developed by Nanak (2012) and utilized the
method described in Daniel and Benson (1990). This ZOA was constructed to bound all the
acceptable values (1x10-7 cm/s or less) for hydraulic conductivity and was constructed by
conducting Flexible Wall Permeameter (FWP) testing on 18 Proctor samples compacted at
various energies (Maldonado and Coffman, 2012). In accordance with ASTM D6938 (2017),
each compacted layer within a given test pad, was tested using a Nuclear Density Gauge (NDG),
to verify compliance with the ZOA. The results of the NDG testing are presented in Figure 3.4.
As displayed in Figure 3.4c, the majority of points tested in Test Pad 5 plotted outside the ZOA;
however, these layers were not removed and recompacted due to the presence of the in-situ
instrumentation and the desire for measurement of the wetting curve. Consequently, Test Pad 5
was placed drier and at a greater density than Test Pads 1 and 2, which tested within the ZOA
(with the exception of Lift 4 for Test Pad 1 which was also placed at a greater density).
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After each test pad was compacted, a TSB and a Temperature Effects Gauge (TEG) were
installed into each pad in accordance to ASTM D6391 (2011). Although each test pad was
installed with a TEG, a malfunction in the Test Pad 5 TEG, which caused a continuous drop in
the water level within the TEG, led to the Test Pad 5 TEG data being disregarded. However,
because the laboratory was atmospherically controlled, the effects of temperature fluctuations
between readings should be negligible. Additionally, during hydraulic conductivity testing, the
test pad was covered with a plastic sheet to prevent the test pad from drying out. Preventing the
test pad from drying out mitigated the possible effects from 1) desiccation and 2) change in soil
suction from non-testing related changes in moisture content as observed in in-situ
instrumentation in Test Pad 5. The variance in measured volumetric moisture content and
pressure head in Layer 1, which was unaffected by TSB infiltration, was 32.96 to 31.98 percent
and 0.29 cm to 0.82 cm, respectively. The typical cross-section of a nominal test pad is presented
in Figure 3.5.
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Figure 3.4. Results of nuclear density gauge plotted against the zone of acceptance for (a) Test
Pad 1 (Nanak, 2012), (b) Test Pad 2 (Nanak, 2012), and (c) Test Pad 5 (Blanchard, 2015).
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Figure 3.5. Typical profile view of test pad.
Following installation, Stage 1 testing was conducted using the TSB until the hydraulic
conductivity reached a steady state of flow (equilibrium). Because Test Pads 1 and 2 were
performed prior to the release of the ASTM D6391-11 standard, Test Pads 1 and 2 were tested
using the falling head test methods (Method A and Method B). Conversely during Stage 1 of
Test Pad 5, testing was performed using the constant head test method (Method C) and then the
falling head test methods (Method A and Method B). This method of testing was achieved by
first utilizing a standpipe with a Mariotte tube and then switching to a standpipe without a
Mariotte tube after steady state flow had been achieved. Following Stage 1 testing, the
standpipes were removed, the borehole was extended below the casing, the standpipes were
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reattached, and Stage 2 testing was conducted. Stage 2 testing was completed using a falling
head standpipe for each test pad because only Method A, which is a falling head test method,
utilized Stage 2.
Testing procedures were held constant throughout the investigation. A maximum water
height within the standpipe of 15 centimeters was used to limit the potential for hydraulic
fracturing of the soil and to ensure similar pressure gradients were utilized during the various
tests. However, the changes within the effective stress values, as caused by changes in the head
level, affected the measured values of the hydraulic conductivity of the soil. Therefore, the
results of a constant head test and a falling head test might not be in reference to the same value
of total head, and therefore might have different measured values of hydraulic conductivity.
The hydraulic conductivity for falling head testing was evaluated utilizing the previously
presented equations for Method A and B of ASTM D6391 (2011). Conversely, the hydraulic
conductivity for constant head testing was evaluated for each time step using a modified form of
Equation 3.12. The modified form (Equation 3.17), as derived herein (Equations 3.17 through
3.20), represents a correction to the Method C equation that is presented in the ASTM D6391
(2011) standard. Specifically, Equation 3.17 includes a factor of 4 that was not accounted for in
the Method C equation. The results obtained from each time step, by utilizing either Method A,
B, or C were averaged using a time weighted average, as recommended in ASTM D6391 (2011).
Therefore, only data that were collected after the test had reached a state of temporal invariance
(equilibrium) were considered. The resulting averages are presented and discussed within the
next section.
𝜋

(𝑑𝑠 2 −𝑑𝑚 2 )(𝑍1 −𝑍2 )

𝑘 = 𝑅𝑡 4 2.75𝐷(𝑘
𝑄 = 𝐶𝑘𝐻

𝑏 )(𝑡2 −𝑡1 )

(Modified ASTM D6391, 2011)

[3.17]

(Hvorslev, 1951)

[3.18]
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𝑄=

𝐴𝑅
∆𝑡

𝐶 = 2.75𝐷
𝑄

Therefore, 𝑘 = 𝐶𝐻 =

𝐴𝑅
∆𝑡

𝐶𝐻

𝐴𝑅

(Hvorslev, 1951)

[3.19]

(Hvorslev, 1951)

[3.20]

𝜋

(𝑑𝑠 2 −𝑑𝑚 2 )(𝑍1 −𝑍2 )

= ∆𝑡𝐶𝐻 = 𝑅𝑡 4 2.75𝐷(𝑘

𝑏 )(𝑡2 −𝑡1 )

In Equations 3.17 through 3.20, ds is equal to the ID of the standpipe; dm is equal to the outer
diameter (OD) of the Mariotte tube; Z1 is the height of the water in the standpipe at the
beginning of the interval(s); Z2 is the height of the water in the standpipe at the end of the
interval(s); D is the ID of the casing; kb is the total head acting on the soil (kb= H); t1 is the time
at the beginning of the increment(s); t2 is the time at the end of the increment(s); A is the
effective area of the standpipe (A=(π/4)(ds2-dm2)); and R is the change in height of water in the
standpipe (R=Z1-Z2).
Each of the results obtained from Method A, B, or C were compared to understand how
the results from each of the methods performed relative to one another. Laboratory FWP test
results from Test Pads 1 and 2 were also used to evaluate the results obtained from Methods A,
B, and C. The FWP testing was performed in accordance with ASTM D5084 (2016) Method C,
on samples extracted from Shelby Tubes and Hand Carved Samples. Additionally, the FWP
testing procedures and results were described in detail in Nanak (2012). Test Pad 5 underwent
extreme desiccation, with visible desiccation cracks, following a drying cycle that was performed
as part of the previously mentioned study about the SWCC. Therefore, laboratory testing was not
performed on Test Pad 5, because the results of which would have yielded uncharacteristic
results due to the significant change in the soil state during desiccation.
The coefficient of variation (COV) was also computed for each test pad and method. The
COV was calculated by dividing the standard deviation of the average temperature corrected
value of hydraulic conductivity for data considered to be temporally invariant for each filling of
the standpipe by the average of the same date set. The average value for each filling of the
standpipe was used to allow comparison between Methods A and C with Method B, for which
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hydraulic conductivity is determined utilizing all the data for each filling of the standpipe. For
Test Pads 1 and 2 and Test Pad 5 Method C, six tests were considered to be temporally invariant.
For Test Pad 5 Method A and Method B, eleven tests were considered temporally invariant.
3.7.3. Calibration of Data Sheets
After the TSB testing was completed, the data were processed using Microsoft Excel. To
ensure that the obtained results were accurate and obtained using the proper methodology, the
sample data provided within the ASTM D6391 (2011) standard were utilized to validate the
excel sheets. Through the process of validating the Excel sheets, several errors were observed
within the provided results within the ASTM D6391 (2011) standard. It was also noted that there
was inconsistency between the notation used in the sample data sheets and notation used within
ASTM D6391 (2011) methodology, as well as the errors within the data sheets. This
inconsistency may confuse practitioners. Therefore, each of the sample data sheets was analyzed
for errors, and the results are reported herein.
3.7.4 Comparison of Method A and B
Method A and B can be utilized to analyze the same data set, because both Method A and
B are falling head test methods. Therefore, in addition to comparing the results from the testing
program, Method A and B were also used to analyze the data from the Method A sample data
sheet in the ASTM D6391 (2011) standard. A similar analysis was performed by Nanak (2012);
however, Nanak (2012) incorrectly processed the data for the Chiasson (2005) and Method B. A
corrected comparison was performed and is presented herein.
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3.8. Results and Discussion
3.8.1. TSB Testing
The results obtained during TSB testing for Methods A and B for Test Pads 1, 2, and 5,
are presented in Figure 3.6a, 3.6b, and 3.6c, respectively. For completeness, final results from
each test pad and from each method, as well as the results from FWP tests conducted on samples
taken from Test Pads 1 and 2, are presented in Table 1.
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Figure 3.6. Results of in-situ hydraulic conductivity testing for (a) Test Pad 1, (b) Test Pad 2,
and (c) Test Pad 5.
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Table 3.1. Results of hydraulic conductivity testing for Test Pad 1, 2, and 5.

A
A

Test Pad 1
[cm/s]
1.09E-08
1.50E-08

Test Pad 2
[cm/s]
2.18E-08
3.13E-08
9.41E-09

Test Pad 5
[cm/s]
4.88E-08
1.19E-07
8.38E-09

Average COV for
Each Method
0.066
0.010
--

kv20

A

5.13E-09

kh20

A

2.52E-08

5.51E-08

2.85E-07

--

k20
k20

B
C

4.38E-06
--

4.47E-06
--

2.25E-07
1.43E-07

0.316
0.056

k20

Ccorrected

--

--

3.58E-08

0.056

k20

Lab

7.32E-08

3.67E-08

--

--

Average

Method

K1
K2

Within Test Pads 1 and 2, the average value of the laboratory-obtained FWP results
(7.32E-08cm/s and 3.67E-08cm/s, respectively) were in relative agreement, within one order of
magnitude, with the average value of results that were obtained by utilizing Method A during
Stage 1 of testing (1.09E-08cm/s and 2.18E-08cm/s, respectively). In contrast, the results that
were obtained utilizing Method B were almost two orders of magnitude greater than the results
obtained from Method A or from the laboratory FWP. Although no laboratory testing was
performed on Test Pad 5, the values obtained during in-situ testing should be very similar to the
values obtained during Test Pad 1 and 2 testing.
As expected, the average value obtained utilizing Method A during Stage 1 for testing
performed on Test Pad 5 (4.88E-08cm/s) was very similar to the average value obtained utilizing
Method A for testing performed during Stage 1 on Test Pads 1 and 2; the results were within
one-half of an order of magnitude. Additionally, the measured vertical hydraulic conductivity
values for Test Pad 1, 2, and 5 were also very comparable (5.13E-9cm/s, 9.41E-08cm/s, and
8.38E-09cm/s, respectively). In contrast, the average value obtained by utilizing Method B
(2.25E-07cm/s) and Method C (1.43E-07cm/s), from the ASTM D6391 (2011), during Stage 1
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for Test Pad 5 were higher than the average value obtained by utilizing Method A, by almost a
full order of magnitude (as seen in Figure 3.6c). However, it should be noted that the average
value obtained by using Method B is a full order of magnitude closer to the results obtained from
Method A for the Test Pad 5 data, as compared to Test Pad 1 and 2 data. Additionally, the
average value obtained from Method C, as obtained using the corrected Equation 3.17 (3.58E08cm/s), was very similar to average value obtained by utilizing Method A for the Test Pad 5
data.
The consistent results obtained from Method A between Test Pad 1, 2, and 5 as well as
the supporting results obtained from the laboratory FWP and the corrected Method C values (all
values being within one order of magnitude) suggest that these methods produce the most
representative results. Additionally, because the results obtained from Method B were
consistently above the consensus values, Method B is believed to be overly conservative for
landfill liner applications. However, as previously noted, the accuracy of Method B was
significantly improved during the testing performed on Test Pad 5. This was attributed to an
increase in the number of readings taken during each filling of the standpipe during testing
within Test Pad 5 (8.5 readings on average) as compared to number of readings taken within Test
Pads 1 and 2 (2.2 readings on average).
The increased number of readings per filling of the standpipe is an important factor in
Method B because the value of “a” is determined via an iterative process based on the results of
each time step (reading). The iterative process was developed by Chiasson (2005) to reduce the
effects caused by “inaccuracies in measurements” which were amplified via the problem of
double inaccuracies in derivatives while utilizing the velocity method that was proposed by
Chapius (1999). However, the iterative process is dependent upon having sufficient data points
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to create meaningful boundary conditions that produce a significant solution to mitigate the
inaccuracies within the velocity method. No guidance is provided within ASTM D6391 (2011)
or within Chiasson (2005) regarding the recommended number of readings to perform Method B
testing.
A lack of meaningful boundary conditions creates the potential that Method B analysis
will be under constrained. Method B utilizes three variables (a, Z*, and Zo), but only has two
constraining conditions (Equations 3.14 and 3.15). Utilizing three variables is a variation of the
velocity method proposed by Chapuis (1999) which determined Z* directly from the y-intercept
of the velocity graph. Method B being under constrained would explain why increasing the
number of readings improves accuracy, because increasing the number of readings strengthens
both constraining conditions. However, a third constraint maybe needed to correct for the
existing deficiencies in Method B.
The increased number of readings also increased the consistency of the results that were
obtained using Method B as was evident by the decreased value of the coefficient of variation
(COV). The average value of the COV for Method B data in Test Pad 1and Test Pad 2 was
0.439, while the COV for Method B data in Test Pad 5 was 0.056. The continued over estimation
of the value of hydraulic conductivity, even with the decrease in the value of COV, for Test Pad
5, suggests that although a sufficient number of data points were available, Method B still did not
produce consensus results. Additional discretization (increased number of readings per standpipe
filling) may continue to enhance the accuracy obtained from the Method B analysis, but further
investigation is required to draw any definitive conclusions.
Utilizing the in-situ instrumentation within Test Pad 5, it is also possible to evaluate
Method B’s ability to correct for the location of the Piezometric Line. Although the piezometric
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line is believed to be located at the drainage layer, rather than making that assumption, the WMP
probes allow for direct calculation of the pressure head. The pressure head corresponds to the
difference between the assumed and the true location of piezometric line (Z*). The low value of
Zo determined from in-situ instrumentation (0.6 cm), for a representative fill of the standpipe,
was over an order of magnitude less than the value of Z* determined utilizing Method B (8.2
cm). The low value of Z* determined from the in-situ instrumentation indicates that the assumed
location of the piezometric line was reasonable. By substituting the value of Z*, determined from
in-situ instrumentation, for the value of Z* in Method B, the value of hydraulic conductivity that
was determined (5.26E-08 cm/s) was within one order of magnitude of Method A and the
corrected Method C in Test Pad 5. The comparison of in-situ and Method B determined values of
Z* demonstrates that Method B is an inaccurate way of determining Z* (further evidence that
Method B is under constrained).
As previously mentioned, the results obtained from the corrected Method C analysis are
in relative agreement with the results obtained from the Method A analysis and from the results
obtained from FWP testing. This provides additional validation for Equation 3.17. Consequently,
it was concluded that the corrected Method C (Equation 3.17) provided more representative
values of hydraulic conductivity for the compacted clay liner.
The average value of hydraulic conductivity that was obtained by using Method A,
during Stage 2 (K2) of the test performed on Test Pad 5 (1.19E-07cm/s) was approximately one
order of magnitude higher than the hydraulic conductivity values that were obtained by Nanak
(2012) for Test Pad 1(1.50E-08cm/s) and Test Pad 2 (3.13E-08cm/s). This disparity was in part
attributed to the drier placement in Test Pad 5, and was also attributed to the introduction of half
lifts that were utilized for the installation of the probes into Test Pad 5. The value for horizontal
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hydraulic conductivity obtained using the anisotropy (m) value for Test Pad 5 (2.85E-07 cm/s)
was also approximately one order of magnitude greater than the same values calculated for Test
Pad 1(2.52E-08 cm/s) and Test Pad 2 (5.51E-08 cm/s).
3.8.2. Calibration of Data Sheets
Due to errors within the ASTM D6391 (2011) data sheets, discrepancies were
encountered during the process of validation of the data sheets. A subsequent review of the
provided sheets helped to identify the errors, which are reported herein. During the review of the
example data sheets, errors were discovered in both the Method A and Method B data sheets.
Many of the errors in the Method A data sheet were relatively trivial, and can be
attributed to rounding errors. Specifically, during Stage 1, 1) the first three temperature
correction factors, 2) the first two values of K1 and 3) the fourth value of K1 were reported as
0.01 lower than was appropriate (they were rounded down rather than up). Similarly, during
Stage 2 the second, fourth, and fifth value of the temperature correction factor were also rounded
down rather than up. However, the errors in the K2 calculations were more significant. In
addition to the third value of K2 being off by a value of 0.01, and the final two values of K2
being off by a value of 0.02, the values reported did not correspond with the reported calculated
values of G2 and G3. The G2 and G3 terms were calculated using a value of zero for the “a”
term (from Method A). An “a” term of zero corresponds to an infinite medium (b1>20D);
however, that was not consistent with the reported data. Based upon the reported data, “a” should
have equaled a value of negative one, which corresponds to the reported values for K2. Finally,
the calculated values of cumulative volume could not be replicated, it was unclear what error
occurred.
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Because the exact process used to solve for the results reported in the Method B data
sheet is unknown, it was difficult to identify errors within data sheet. However, several
inconsistencies within the data sheet were identified. It was determined that the reported
parameters (a, Z*, and Zo) do not correspond with the reported “Z-t Computations”. When
utilizing the reported parameters, the sum of the difference between observed and calculated
values of Z (Equation 3.15) was not equal to zero (-4.345m2), nor was the expression presented
as Equation 3.14 minimized by the reported parameters (0.385m). In fact, using the Solver tool
within an Excel sheet, along with the reported parameters as initial inputs, the data were
reanalyzed and values of 7.85E-07m2 and 3.98E-04m were obtained for Equation 3.14 and 3.15,
respectively, which are more reasonable values. The reported value of hydraulic conductivity
was 7.99E-05m/s; however, after the data was reanalyzed a value of 2.54E-04m/s was obtained
for the soil hydraulic conductivity. This value is over a full order of magnitude larger than the
reported hydraulic conductivity value.
A review of the Method C data sheet was also performed, but no errors were found.
However, the data sheet did not utilize the equation for Method C as written, but rather the flow
area was determined directly and inserted into Equation 3.19. Consequently, the error within the
Method C equation was avoided.
The inconsistency and errors within the data sheet may be confusing to data analyzers.
Additionally, the change in terminology between ASTM D6391 (2011) and the data sheets may
also be another source of potential error. Errors should be addressed in future revisions of the
ASTM D6391 standard to reduce the possibility of calculation errors by practitioners.
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3.8.3. Comparison of Method A and B
The data set provided in the Method A data sheet was analyzed using Method B in order
to compare the performance of the two methods. The results support previously identified trends
during TSB testing. The average value of hydraulic conductivity that was obtained by utilizing
Method B was 4.54E-06cm/s, or about one half of one order of magnitude less than the average
value of hydraulic conductivity that was obtained by utilizing Method A (9.36E-07cm/s). This
comparison provides further validation of the discrepancy between the two methods. In every
data set that was analyzed by the two methods during this investigation, the results obtained from
Method B were higher in magnitude than the results obtained from Method A.
This is consistent with the results obtained by Nanak (2012); however, as previously
mentioned, the results presented in Nanak (2012) also contained an error. During the process of
unit conversion, Nanak (2012) divided minutes by 24 while converting to seconds, which was
incorrect. Nanak (2012) also proposed a unit specific equation for Method B; however, that is
not a recommended practice because practitioners may not realize that the equation is unit
specific and mistakenly use other units. Rather the preferred practice is for practitioners to rely
upon dimensional analysis to determine appropriate units.
3.9. Conclusions and Recommendations
An investigation into the methods utilized for determining hydraulic conductivity of
compacted clay liners was performed. Specifically, the methods utilized in the analysis of TSB
testing data, as permitted within the ASTM D6391 (2011) standard, were evaluated. The
investigation consisted of 1) reviewing the evolution of the equations that were used for TSB
analyses, 2) a testing program where each method was used to evaluate the hydraulic
conductivity of a laboratory compacted clay liner, and 3) validation of the obtained field results
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through the use of laboratory FWP testing. During the course of this investigation, several
conclusions and recommendations were derived.
-

The equation utilized in Method C (Equation 3.12) was derived incorrectly. Equation
3.17, as reported herein, represents the correctly derived Method C equation. This is
supported by mathematical derivation and empirical results. Therefore, it is
recommended that Equation 3.17 be used when performing Method C analysis.

-

The results obtained utilizing Method A and the modified Method C for analysis are in
relative agreement with one another and with laboratory-obtained FWP results; however
less variability was observed in Method C.

-

Method B is highly dependent on the number of time steps (data readings) used during
each emptying of the standpipe. This phenomenon should be investigated further and
guidelines should be published for number of readings required per filling/emptying of
the standpipe. It is anticipated, that approximately 10 or more readings may be needed to
obtain sufficient accuracy. This may limit the applicability of Method B as data are
commonly collected on an as available basis.

-

It is recommended that until guidelines for the required number of readings per emptying
of the standpipe be employed to obtain consistently accurate results, Method B not be
utilized for landfill liner regulation applications.

-

Method B is overly conservative for landfill applications. For each data set analyzed
herein, the results obtained from Method B were significantly (one half to two orders of
magnitude) greater than the results obtained from the other methods.

-

Method B, as presented in ASTM D6391 (2011), may be under constrained and is not
recommended for use in its current form. However, by directly solving for the variable
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Z*, a representative value of hydraulic conductivity was determined. Therefore, if
Method B is utilized, the location of the piezometric line should be verified using
additional means.
-

The ASTM D6391-11 standards contain several errors in the example data sheets that
may be confusing. These errors must be fixed before the next standard issuance.
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CHAPTER 4: FIELD-OBTAINED SOIL WATER CHARACTERISTIC CURVES AND
HYDRAULIC CONDUCTIVITY FUNCTIONS
4.1. Chapter Overview
The soil water characteristic curves (SWCCs) and hydraulic conductivity function (kfunctions), as determined from field and laboratory settings, are compared and discussed in this
chapter. Curves from field-scale tests were developed by utilizing in situ instrumentation. Five
test pads were constructed at the University of Arkansas; however, this investigation only
utilized data from two of the test pads. Specifically, Test Pad 4 and Test Pad 5 were used for this
study. However, for the manuscript presented in this chapter the test pads were referred to as
Test Pad 1 and Test Pad 2. Laboratory curves were obtained from laboratory tests performed on
Shelby tube samples extracted from Test Pad 1. Specifically, the transient water release and
imbibitions method (TRIM) and chilled mirror technique-based dewpoint potentiometer (WP4)
method were utilized to determine the laboratory curves.
The limitations of the included accepted journal manuscript, that is presented in this
chapter, are discussed in Section 3.2. The full citation for the manuscript is included in Section
4.3. Moreover, the motivation for the manuscript that is included in this chapter is discussed in
Sections 4.4, 4.5, and 4.6. Descriptions of the methodologies and procedures for compacted clay
liner construction, instrumentation, and testing are presented in Section 4.7. The results from the
research are presented in Section 4.8; specifically, details from the field and laboratory hydraulic
conductivity, in-situ instrumentation response, SWCCs and k-functions, measured and predicted
hydraulic conductivity and flow, and effects of testing procedures are presented in Section 4.8.1,
4.8.2, 4.8.3, 4.8.4, and 4.8.5, respectively. Finally, conclusions about field-scale SWCCs and kfunctions are presented in Section 3.9.
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4.2. Limitations of the Described Study
The laboratory-determined SWCCs were only obtained from two of the common
laboratory methods. Several other methods like: tempe cell, pressure plate extractor, centrifuge,
and other laboratory methods that are commonly used to determine SWCCs were not considered.
Additionally, the nature of the test pads (being placed wet of optimum) made the determination
of the wetting SWCCs difficult. These aforementioned challenges are addressed in the
manuscript by limiting discussion to the laboratory methods (TRIM and WP4) utilized in the
study and selecting representative field curves that underwent greater changes in water content.
4.3. Field-Obtained Soil Water Characteristic Curves and Hydraulic Conductivity
Functions
Reference
Ishimwe, E., Blanchard, J.D., and Coffman, R.A., “Field-Obtained Soil Water Characteristic
Curves and Hydraulic Conductivity Functions,” Journal of Irrigation and Drainage
Engineering, Vol. 144, No. 1. DOI: 10.1061/(ASCE)IR.1943-4774.0001272.
4.4. Abstract
A test program consisting of two, field-scale, compacted clay liners (test pads) was
conducted to evaluate field-obtained soil water characteristic curves (SWCCs) and hydraulic
conductivity functions (k-functions). The test pads were instrumented with volumetric water
content and soil water matric potential sensors. Each test pad was subjected to an infiltration
cycle, using either a sealed double ring or a two-stage borehole infiltrometer, followed by a
drying cycle. To compare the results that were obtained from the field-obtained SWCCs and kfunctions, laboratory tests were performed on Shelby tube samples. The obtained data were fitted
using the van Genuchten model and the RETC (RETention Curve) program. A comparison of the
results, as obtained from field-scale and laboratory techniques, was completed to illustrate the
evidence of hysteresis between the drying and wetting curves. The shapes of the field and
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laboratory-obtained SWCC were similar, albeit, at different volumetric water contents. There
was poor agreement between field-obtained and laboratory-obtained k-functions, as reported in
other studies; therefore, field k-functions are preferential when available.
Keywords: Unsaturated Soil Properties, Soil Water Characteristic Curve, SWCC, Hydraulic
Conductivity Function, Hysteresis, Clay Liners, Landfills, Environmental and Waste
Management.
4.5. Introduction
Soil water characteristic curves (SWCCs) and hydraulic conductivity functions (kfunctions) have been useful in predicting the unsaturated properties of soils, including the values
of: hydraulic conductivity, shear strength, and coefficients of diffusion and adsorption (Klute et
al. 1986; Fredlund et al. 1994; Fredlund 1995; Fredlund and Rahardjo 1996; Fredlund et al.
1996; Fredlund and Xing 1997; Lu and Likos 2004; Lu and Kaya 2013). These two functions
have been also used to evaluate the behavior of unsaturated soils (Fredlund and Rahardjo 1993).
In addition, the SWCCs have been used to estimate water storage capacity of the soil subjected
to various moisture content and suctions (Johari and Nejad 2015). This significant information
can be used to aid in irrigation scheduling and to conserve irrigation water supplies. Improved
irrigation efficiency can lead to reduced production costs for crops. As reported in Fredlund and
Rahardjo (1993), many of the geotechnical engineering problems (e.g., slope, shallow and deep
foundations failures following rainfall, swelling and shrinkage of clays) that occur in arid and
semiarid climatic areas are associated with unsaturated soils. Therefore, a better understanding of
the unsaturated soils behavior is necessary required while designing various geotechnical
elements. The time and cost of the required soil testing to determine these unsaturated soil
properties have been reduced by utilizing the SWCCs and k-functions. Like with other soil
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phenomena (strength, permeability, compressibility), these characteristic functions have been
typically measured in the laboratory (Wang and Benson 2004; Mijares and Khire 2010; Wyllace
and Lu 2012; ASTM D6836 2008) with the results then being applied to determine the full-scale
field responses. Although SWCCs have been frequently obtained by using laboratory equipment
in the laboratory, few field measurements of SWCCs have been completed using field-testing
equipment (Watson et al. 1975; Tzimas 1979; Li et al. 2004).
Two field-scale compacted clay liners were constructed and equipped with in-situ
instruments to develop a field method to attain the SWCCs and k-functions. Each test pad was
subjected to 1) a wetting cycle, using either a sealed double ring infiltrometer (SDRI) or a twostage borehole (TSB) infiltrometer, and 2) a drying cycle. In-situ instrumentation was utilized to
capture the changes in volumetric water content and matric suction that were required to assess
the SWCC and k-function during each phase. Laboratory tests including: transient water release
and imbibitions (TRIM), chilled mirror technique-based dewpoint potentiometer (WP4), and
flexible wall permeability (FWP), were conducted, to develop laboratory SWCCs and kfunctions, on Shelby tube samples that were collected after the drying cycle. The TRIM and
WP4 tests are both commonly used methods for determining SWCCs and k-functions. The
differences between the field and laboratory-obtained SWCCs and k-functions provide new
insights on the validity of the methods used to obtain SWCCs and k-functions. The steps of this
test program are summarized in the flowchart presented in Figure 4.1.
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Figure 4.1. Flowchart of the testing program.
4.6. Background
The SWCC has become an important tool for predicting the mechanical and hydraulic
properties of unsaturated soils Fernando (2005). As documented within the literature, several
laboratory techniques exist for measuring the SWCC (Klute et al. 1986; Wang and Benson 2004;
Mijares and Khire 2010; Wayllace and Lu 2012; ASTM D 6836 2008). However, few field-scale
methods have been developed to determine SWCCs (Watson et al. 1975; Tzimas 1979; Li et al.
2004; Ogorzalek et al. 2008). Specifically, Watson et al. (1975) measured the field SWCC using
triangular pyramid frame housing instrumentation to determine the water content and
tensiometers to measure the soil water pressure required to obtain the SWCC. Li et al. (2004)
also measured the field SWCCs at the crest and berm of a large cut slope in Hong Kong using
the time domain reflectometry probes and vibrating wire tensiometers to measure water content
and soil suction, respectively. Likewise, Ogorzalek et al (2008) used time domain reflectometry
probes and thermal dissipation sensors to define the SWCC for a capillary barrier cover in
Polston, Montana.
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According to Lu et al. (2014), the hydraulic conductivity of the soil is no longer thought
of as a constant. Instead, the hydraulic conductivity is now typically portrayed as function of
either the degree of saturation or the amount of suction (matric potential) within the soil. Kfunctions, which are defined as the relationship between hydraulic conductivity (k) and water
content or suction, have commonly been determined in the laboratory using rigid- and flexiblewall permeameters with flow being controlled by surface infiltration/gravity drainage and by
pumps, respectively (Meerdink et al. 1996; Lu and Likos 2004).
The equations [Equation 4.1 and 4.2] proposed by Daniel and Trautwein (1986) are
commonly used for calculating the in-situ hydraulic conductivity value from SDRI test data.
Three methods presented in Trautwein and Boutwell (1994) are also commonly utilized to
determine the hydraulic gradient (i), as required to calculate hydraulic conductivity (k). These
three methods include 1) the wetting front method (Equation 4.3), 2) the suction head method
(Equation 4.4), and 3) the apparent hydraulic conductivity method (Equation 4.5). A detailed
discussion of these equations was presented in Nanak [2012].
k

I
F
i

(Daniel Trautwein, 1986)

[4.1]

I

Q
tA

(Daniel Trautwein, 1986)

[4.2]

(Nanak, 2012)

[4.3]

(Nanak, 2012)

[4.4]

(Nanak, 2012)

[4.5]

i

H  Zw
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i

H  Zw  Hs
Zw

i

H Z
Z

Within Equations 4.1 through 4.5, I is the infiltration rate, Q is the volume of flow, t is the subtest time duration, A is the area of infiltration, F is the correction factor to account for lateral
spreading of water, H is the head of water above the soil surface, Hs is the suction head at the
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location of the wetting front, Zw is the depth of wetting front below the soil surface, and Z is the
depth of the test pad.

Two different methods to determine the in-situ based hydraulic conductivity from TSB
testing are described in ASTM D6391 (2006). These methods include 1) Method A (Equations
4.6 through 4.16), and 2) Method C (Equation 4.17). Method A, a falling head test that includes
both stages of the TSB test is commonly used to obtain the maximum value for the vertical
hydraulic conductivity (K1) and the minimum value for the horizontal hydraulic conductivity
(K2). The actual value of the horizontal hydraulic conductivity (kh) and the actual value of the
vertical hydraulic conductivity (kv) may also be determined using this method.
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t2  t1 
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In Equations 4.6 through 4.17, d is the internal diameter (ID) of the standpipe; D is the ID of the
casing; b1 is the thickness of the tested soil below the casing; Z1 is the effective head at the
beginning of the time increment; Z2 is the effective head at the end of the time increment; t1 is the
time at the beginning of the increment(s); t2 is the time at the end of the increment(s); b2 is equal
to (b1 – L/2); L is the length of the Stage 2 extension; a is 1 if the base at b1 is impermeable, 0 for
an infinite thickness, and -1 if the base at b1 is permeable; K1΄ is the time weighted average for
the temporally invariant period for K1; K2΄ is the time weighted average during the temporally
invariant period for K2; m is determined by using Equation 13 and is solved for by using the
Excel solver function; ds is equal to the ID of the standpipe; dm is equal to the outer diameter
(OD) of the Mariotte tube; and kb is the total head acting on the soil (kb= H).
4.7. Methods and Procedures
4.7.1. Compacted Clay Liner Construction, Instrumentation, and Testing
Two 3 m-wide by 3 m-long by 0.6 m-thick test pads were constructed following the
standard specifications that are commonly used to construct clay liners for landfill applications.
The materials that were utilized consisted of clay soils which are commonly utilized for the
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landfill liner and cover material at the Eco-Vista Landfill in Northwest Arkansas. Both test pads
was constructed by compacting four layers of clay. Specifically, each soil layer of the test pad
was placed as a 0.2 m-thick loose lift and then compacted, within the same wooden box that was
described in Maldonado and Coffman (2012) and Nanak (2012), to a 0.15 m-thick compacted
lift. The lift thicknesses and total thicknesses of the compacted clay liners were the same size as
for a full-scale compacted clay liner for a typical landfill. However, due to size limitations within
the laboratory, the soil was only compacted using a ramming compactor instead of a kneading
compactor. Prior the soil placement, soil index testing, such as: specific gravity, hydrometer
analyses, percentage passing the No. 200 (75-m) sieve and Atterberg Limits testing, were
performed to determine the soil parameters required to classify the soil (Maldonado and Coffman
2012).
Following compaction of each layer, two types of sensors were installed within each of
the layers at the locations shown in Figure 4.2 to obtain field-scale SWCCSs and k-functions.
Specifically, in Test Pad 1, two Campbell Scientific CS-610 30 cm-long time domain
reflectrometry (TDR) probes and two Campbell Scientific CS-229 heat dissipation water matric
potential (WMP) sensors were installed horizontally 0.05 m below the top of each layer. The
installation depth was selected to limit soil disturbance while providing adequate soil coverage.
Prior to installation, each sensor was calibrated to the test pad soil as recommended by Campbell
Scientific. The sensors were installed by excavating soil from the surface of each lift as shown
in Figures 4.2a and 4.2b. For Test Pad 1, following compaction of the last layer, two sets of
tensiometers were installed at depths of 0.13 m, 0.27 m, and 0.58 m (for a total of six
tensiometers) to monitor only the wetting front movement during SDRI testing (Figure 4.2a).
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Figure 4.2. Schematics of the instrumented compacted clay liners cross-section and plan view
for (a, c) Test Pad 1; (b, d) Test Pad 2.
A sealed double ring infiltrometer with a square open outer ring (2.4 m by 2.4 m) and a
square closed inner ring (0.46 m by 0.46 m) were then installed at the locations illustrated in
Figures 4.2a and 4.2c. The SDRI was conducted in accordance with ASTM D5093 (2008).
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Within Test Pad 2, a two-stage borehole (TSB) infiltrometer device was installed at the center of
Test Pad 2 (Figure 4.2b and 4.2d). The data that were collected from the TDR probes and the
WMP sensors were automatically monitored (hourly readings) using a computer that was
connected to the data acquisition system.
Following the completion of test pad construction, in-situ hydraulic conductivity (SDRI
or TSB) testing was conducted by following procedures outlined in Nanak (2012) and Blanchard
(2015). Upon completion of the 69-days of SDRI testing, conducted within Test Pad 1, water
was drained from both rings and the soil within the pad was allowed to undergo a drying cycle.
The soil was allowed to dry for 86 days under an average temperature of 20oC, with no direct
sunlight, and no direct wind; desiccation cracks started to develop at the soil surface on the 14th
day. The instrumentation within the compacted clay liner continued to collect continuous data
during the drying cycle. Test Pad 2 underwent three phases of saturation; 1) the TSB testing or
partial saturation phase, which lasted 81 days, 2) the saturation phase in which a soaker hose was
used to saturate the entire compacted clay liner, which lasted 96 days, and 3) the
drying/desaturation phase, which lasted 198 days.
The volumetric water content and water matric suction results that were obtained from
the TDR probes and WMP sensors, were utilized to develop the field-scale SWCC. SWCC were
developed for each depth that the sensors were located. The measurements acquired from the
sensors were also used to determine the amount of time required for the wetting front to reach
the location of each sensor. To obtain the laboratory-scale SWCCs and k-functions, the FWP,
TRIM and WP4 devices were utilized to perform tests on sub-samples that were removed from
one of the two Shelby tubes that were pushed into the soil of Test Pad 1. The TRIM method was
performed at the Colorado School of Mines following the methods and procedures described in
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Wayllace and Lu (2012). The chilled mirror hygrometer (WP4) method was performed at the
University of Arkansas following the procedures described in Lin and Cerato (2012). In addition
to the TRIM and WP4 laboratory tests, four flexible wall permeability (FWP) tests were also
conducted in accordance with the ASTM D5084 (2010) Method C. Each of the FWP tests were
terminated when a steady state hydraulic conductivity was achieved and when the outflow and
inflow rate ranged from 0.75 to 1.25.
The experimental data, as obtained from 1) the in-situ instruments during SDRI and TSB
testing (wetting cycle) and during the drying cycle, and 2) the WP4, were fitted to an existing
parametric model using the RETC computer program. The van Genuchten hydrological
parameters (, m, n) that were measured from TRIM testing were utilized as initial values within
the RETC program. The values for these parameters were then iterated, within the RETC
program, using the van Genuchten (1991) parametric model and the Mualem (1976) theoretical
pore-size distribution model to determine the SWCCs and k-functions for wetting and drying
cycle, respectively. In addition, the HYDRUS-1D software was also utilized to estimate the
movement of water through the soil. The SWCC parameters, and the FWP results were specified
within the HYDRUS-1D model to estimate the required time for the wetting front to reach each
sensor.
4.8. Results and Discussion
4.8.1. Field and Laboratory Hydraulic Conductivity
The in-situ hydraulic conductivity results that were collected immediately after
compaction, by using the SDRI (Test Pad 1) and TSB (Test Pad 2) testing techniques, are
presented in Figure 4.3a and 4.3b, respectively. As recommended in ASTM D5084 (2010), a
typical plot of the hydraulic conductivity results as a function of cumulative pore volume of flow
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(PV) of the samples collected from each layer of Test Pad 1 is presented as Figure 4.4. An
average of the points, shown as open symbols in Figure 4.4, were considered as the final
laboratory hydraulic conductivity of the soil. The FWP testing was not completed for Test Pad 4
because Test Pad 4 experienced severe desiccation making any subsequent laboratory testing
unrepresentative. For comparison, the hydraulic conductivity obtained from the SDRI, the TSB
and the FWP testing and the predicted values obtained using the RETC and HYDRUS-1D
program are presented in Table 1. The obtained values were representative of the low plasticity
clay (CL) soil with an average percent fines of 87.5 and 27.3 percent clay fraction with a specific
gravity of 2.67 identified from index properties. A detailed discussion on index properties tests
results is presented in Nanak (2012).
Table 4.1. Summary of measured and predicted hydraulic conductivity values.
Measured k

Layers

Wetting Front
Method
k20 (cm/sec)

SDRI
Apparent
Method
k20 (cm/sec)

Layer 1

1.04x10-07

Layer 2
Layer 3
Layer 4

Predicted k

Suction
Method
k20 (cm/sec)

FWP
ASTM D5084
(Method C)
k20 (cm/sec)

TSB
ASTM D6391
(Method A)
k20 (cm/sec)

RETC
Mualem (1976)
k (cm/sec)

k (cm/sec)

8.45x10-08

9.27x10-08

1.99x10-06

-

5.86x10-07

1.06x10-06

4.54x10-07

3.02x10-07

4.32x10-07

3.42x10-07

4.88x10-08

2.81x10-07
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Figure 4.3. Hydraulic conductivity results obtained from: a) SDRI, and b) TSB testing.
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Figure 4.4. Laboratory vertical hydraulic conductivity results obtained from FWP testing within
each layer.
The vertical hydraulic conductivity values that were obtained from the SDRI testing
technique, by using the wetting front, apparent, and suction methods ranged from 0.27x10-7 to
4.5x10-7 cm/sec, while the values of laboratory hydraulic conductivity that were obtained from
FWP testing technique ranged from 0.47x10-7 to 20x10-7 cm/sec. As expected, the hydraulic
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conductivity values that were obtained from the FWP tests on soil that underwent a drying cycle,
in which desiccation cracks formed, were higher than the field-obtained values of hydraulic
conductivity that were obtained from the SDRI or TSB test. The average values for K1΄ and K2΄
that were obtained using Method A, for TSB testing, were 0.49x10-7 and 1.2x10-7 cm/sec,
respectively. Additionally, the calculated kv value was 0.084x10-7 cm/sec and the calculated kh
value was 2.9x10-7 cm/sec. Values obtained from Method A were reported previously in Table 1,
with the K1΄ value being reported as the hydraulic conductivity value for Layer 2 (the layer in
which the Stage 1 testing was performed) and with the kv value being reported as the hydraulic
conductivity for Layers 3 and 4 (the layers in which Stage 2 testing was performed).
As previously mentioned, the soil compaction method was selected to ensure that the
measured dry density and water content values were within the zone of acceptance (ZOA) (as
developed by Maldonado and Coffman (2012) and reported in Nanak (2012), based on the
procedures described in Daniel and Benson (1990)). For Test Pad 1, most of the tested points
plotted within the ZOA, with the exception of Layer 4 (bottom of the pad), which was compacted
dry of optimum (Figure 4.5). Conversely, for Test Pad 2, the tested points tended to be outside
the ZOA due to greater density associated with over compaction. However, despite the points
plotting outside the ZOA, the measured hydraulic conductivity values, that were obtained using
the SDRI or TSB methods, were near the regulatory requirement of 1.0x10-7 cm/sec for a
municipal solid waste landfill system.
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Figure 4.5. Nuclear gauge obtained in-situ density and water content values from Test Pads 1
and 2 overlaid on the zone of acceptance reported in Coffman and Maldonado (2012) and Nanak
(2012).
As previously presented in Figure 4.3, the hydraulic conductivity results observed during
the SDRI testing were closely correlated to the apparent values of hydraulic conductivity
observed during Stage 1 TSB testing (within one-half order of magnitude). However, the
resolved value for kv from the TSB testing, as obtained by using Soil Testing Engineers Inc.
procedures documented in STEI (1983), was one to two orders of magnitude less than the
reported value from the SDRI testing. The difference between the two values was attributed to
the variations in the soil density, water content values, and levels of macro-structure within the
soil. Furthermore, the measured values of hydraulic conductivity for Test Pad 1, within each
layer, were comparable to the predicted values that were obtained from the RETC and
HYDRUS-1D programs, with values typically being within one order of magnitude. The
measured values obtained from Test Pad 2 were less comparable to the predicted values of
hydraulic conductivity, with values varying by as much as two orders of magnitude. The
discrepancy between the predicted and measured values of hydraulic conductivity was attributed
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to the predicted values being developed based only upon the in-situ data from Test Pad 2, Layer
1 (which had a lower saturated water content relative to the rest of Test Pad 2).
Layer 1 was utilized for the RETC and HYDRUS-1D analysis because it was reported to
have the most clearly defined SWCC; this layer was placed drier than the other layers within
both pads. Consequently, it was not necessarily representative of the initial conditions of the
other layers. This observation of placement condition was supported by the measured in-situ data
in both test pads (see Figures 4.6a and 4.6b). Even though Layer 1 of Test Pad 2 was the driest
layer, in general, Test Pad 1 was tested drier than Test Pad 2 and correspondingly the measured
SDRI and the predicted values were more comparable. The differences within the values of
hydraulic conductivity, as obtained using the FWP, SDRI, and TSB devices were attributed to
the following: 1) the SDRI and TSB was performed immediately after compaction and prior to
the drying cycle, 2) the FWP was performed on soil that was subjected to the drying cycle
(samples that were subjected to desiccation), 3) the cross-sectional areas of samples that were
tested in the SDRI, TSB, and FWP tests were of different size and were therefore subjected to
varying degrees of macrostructure, and 4) variances in the initial testing conditions.
4.8.2. In-situ Instrumentation Response
The time-dependent responses of the in-situ instrumentation that were located within Test
Pad 1 and 2 are presented in Figures 4.6a and 4.6c and Figures 4.6b and 4.6d, respectively. As
previously mentioned, these results were utilized for: 1) developing the field-obtained wetting
and drying SWCCs and k-functions, and 2) identifying the amount of time required for the
wetting front to reach the probes (during the infiltration phases). As observed in the response of
all of the instrumentation, during the water infiltration, the TDR probes were not as sensitive to
the changes in volumetric water content as the WMP sensors were to the changes in water matric

62

potential. In other words, because the soil was compacted on the wet side of the optimum water
content, within the zone of acceptance, the expected increase of volumetric water content during
the wetting cycle was not significant, as compared with the changes in volumetric water content
that were observed during the drying cycle. Therefore, the variance in the probe sensitivity,
observed in the response of the TDR probes, resulted in more clearly defined drying curves than
wetting curves (Figures 4.6a and 4.6b).
Based on the results presented in Figure 4.6, the volumetric water content decreased and
the water matric potential increased (became more negative) as a result of evaporation. The
amount of time required for the wetting front to reach each WMP sensor was determined by
identifying the time at which the probes reached a steady maximum value (with maximum value
meaning smallest negative value). Ideally, the maximum value of water matric suction for each
probes would have been 0 kPa. However, the maximum value of water matric potential for WMP
sensors was-10 kPa, and as the recorded water matric suction approached -10 kPa; the wetting
front was reported to have infiltrated to the depth of that sensor. Utilizing the TDR data, the
wetting front was considered to have reached the respective TDR probes when the maximum
volumetric water content was observed to have reached the respective probe. Within Test Pad 1,
the WMP sensor performed better than the tensiometers for recording water matric potential (soil
suction) values during the drying cycle because the tensiometer probes decoupled from the soil
during this event (Figure 4.7). This decoupling phenomenon was caused by the soil desiccation
and the formation of cracks that occurred around the body of the tensiometers tubes.
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Figure 4.6. Time-dependent response of the TDR probes and the WMP sensors that were located
within Test Pad 1 (a,c) and Test Pad 2 (b,d).
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Figure 4.7. Time-dependent response of the tensiometer probes that were installed within Test
Pad 1.
4.8.3. Soil Water Characteristic Curve and Hydraulic Conductivity Functions
Based on the volumetric water content and water matric potential measurements that
were collected from the in-situ sensors, the field-based SWCCs, at each layer, were determined
and are shown in Figure 4.8 for Test Pads 1 and 2. As anticipated, the soil near the surface
(Layer 1) dried faster because the top surface of this layer was exposed to the atmospheric
conditions; the influence of evaporation decreased as a function of depth from Layer 1 to Layer
4. Based on the data collected from Test Pad 1, the drying cycle was terminated before the
drying front reached the probes located within the bottom layer (Layer 4). Therefore, the fieldobtained SWCC was not well defined for Layer 4.
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Figure 4.8. Measured volumetric water content and matric potential from Test Pad 1 (a,b) and
Test Pad 2 (c,d) using TDR probe data and WMP sensor data during a) the wetting cycle
(sorption) and b) the drying cycle (desorption).
As previously noted, the field-obtained wetting curves were not clearly defined for all of
the layers. This lack of definition was attributed to: 1) the soil being placed under conditions of
high soil-moisture content and 2) the inability of the in-situ instrumentation to accurately
measure the small changes in the volumetric water content and the water matric potential within
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the soil during the saturation phase (Figures 4.8a and 4.8c for Test Pad 1 and 2, respectively).
Layer 1, within Test Pad 2, was placed with a lower average water content (gravimetric and
volumetric) value than the other layers. Therefore, a more well-defined wetting curve was
obtained from Layer 1 of Test Pad 2 than from any other layer. Furthermore, a more clearly
defined desaturation curve was observed for Layer 1, within both Test Pad 1 and Test Pad 2, due
to the previously discussed influence of evaporation on each soil layer (Figures 4.8b and 4.8d,
respectively). Because of the higher quality data obtained from Layer 1 of Test Pad 2 (Figure
4.9), these SWCCs were considered as the representative field-obtained SWCCs for both test
pads. Therefore, these data were utilized for analysis within the RETC computer program, and
were also utilized for comparison with the laboratory-obtained SWCCs and k-functions that were
generated by using the Shelby tube samples that were taken from Layer 2 within Test Pad 1.

ABS Water Matric Potential, y, [kPa]

1.0E+04
Layer 1 (Wetting)
Layer 1 (Drying)
RETC Input

1.0E+03

1.0E+02

1.0E+01

1.0E+00
0.05

0.1

0.15

0.2

0.25

Volumetric Water Content, θv, [m3/m3]

0.3

Figure 4.9. Field-obtained soil water characteristic curves (from Test Pad 2 Layer 1) that were
selected for the RETC analysis.
The field-obtained SWCCs, presented in Figure 4.9, represented thousands of data points.
However, due to the capacity and limitations within the RETC program to process large data
sets, points were randomly selected (“selected points”) from the continuous data, based upon
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perceived trends within the data. These selected points were then utilized, as input, within the
RETC program to determine the mathematical model for both the SWCC and the k-function. By
comparing the wetting and drying curves, as obtained within Test Pad 2 Layer 1 (Figure 4.9), a
significant hysteresis was observed between the wetting and drying curves. As observed by
previous researches, this hysteresis was attributed to the ink-bottle effect, swelling-shrinking
potential of the clay, and the effects associated with the probes (including measurement error).
As a result of the hysteresis, at a given volumetric water content value, two different values for
water matric potential were obtained (depending on if the soil is undergoing a drying or wetting
cycle).
The van Genuchten hydrological parameters (, m, n and ks) that were obtained from
TRIM testing for wetting and drying cycles are summarized in Table 2. The fitting parameters
that were obtained from the RETC program, by inputting the measured volumetric water content
and matric suction values obtained from in-situ sensors and from the WP4 device, are also
presented in Table 3. The well-fitted drying and wetting SWCC and k-function curves, and the
measured data that were obtained from the in-situ sensors (TDR and WMP), TRIM device, and
WP4 are presented in Figure 4.10a.
Table 4.2. van Genuchten fitting parameters of SWCC obtained from TRIM testing.
qr (%) qs (%) 1/cm
Wetting Cycle

10

35

0.005

n
m
I ks (cm/sec)
1.21 0.174 0.5 2.6E-07

Drying Cycle

10

39

0.005

1.24 0.190 0.5

5.0E-06

Table 4.3. van Genuchten fitting parameters of SWCC estimated using RETC program.
Drying Cycle
qr (%) qs (%) 1/cm n
TDR & WMP sensors
WP4

6.7
3.7

31.7
32.5

0.012
0.035

m
1.005 0.190
3.828 0.591
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Figure 4.10. Results obtained by using TRIM, WP4, and field-obtained infiltration methods. (a)
SWCCs, (b) k-functions along with SDRI, FWP, and TSB data.

As shown in Figure 4.10, the laboratory-obtained drying and wetting curves intersected at
the matric suction and volumetric water content values of 1.19x104 kPa, and 0.113 for WP4 and
at values of 7.30x103 kPa and 0.172 for TRIM, respectively. The shapes of the curves that were
obtained using these two methods were also different. The wetting and drying curves that were
modeled using the data collected from the in-situ sensors data never intersected, but the shape of
the field-based SWCCs are similar to the shapes of the laboratory-obtained TRIM curves. In
addition, the shapes of the curves obtained from WP4 were different (much flatter) than the other
SWCCs that are presented in Figure 4.10a.
The k-functions for the field-obtained data, as predicted based from the measured SWCC
and the van Genuchten-Mualem relative hydraulic conductivity model, are shown in Figure
4.10b. The predicted k-functions matched well with the measured k-function obtained during
SDRI, as shown in Figure 4.10b; thus proving to be a reasonable validation of the field-obtained
69

method that was used to obtain the SWCC and k-function data. The discrepancy between the
measured TSB hydraulic conductivity and the predicted k-functions was attributed to the
recorded differences between the saturated volumetric water content (qs) values within the
testing layers of Test Pad 2. Layer 1, within Test Pad 2, and Layers 1 through 4, within Test Pad
1 had measured qs values below 30 percent; however, Layers 2 through 4, within Test Pad 2, had
a measured qs values above 30 percent (as previously presented in Figures 4.6a and 4.6b). As
reported in Chiu and Shackelford (1998), variations in the measured and theoretical values for qs
caused significant differences in the predicted values of hydraulic conductivity. Therefore,
differences in measured values for qs between layers, like those observed in Test Pad 2, may also
have affected the predicted values of hydraulic conductivity.
From Figure 4.10b, the curves fitted by the RETC program using WP4 data have
generally the same slope as the curves obtained from the TRIM device. The hydraulic
conductivity values that were measured using TRIM and WP4 were lower than the measured
field-obtained results from the SDRI and TSB testing. This was attributed to the soil disturbances
that were introduced to the TRIM and WP4 samples during the soil sampling preparation process
that may have led to: 1) changes in the stress conditions, 2) a reduction of porosity, and 3) an
increased amount of sample compaction. Moreover, the difference in particle distribution, which
is a function of density, may have also had a significant effect on the water matric potential and
the hydraulic conductivity measurements because of the void ratio changed within the soil.
Consequently, the array of water matric potential values that were determined by using the WP4
device were not an accurate indicator of the true state of the soil that was used within the clay
liner.
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4.8.4. Measured and Predicted Hydraulic Conductivity and Flow
The predicted hydraulic conductivity as function of depth for Test Pad 1 and 2 are shown
in Figure 4.11a and 4.11c, respectively. The HYDRUS-1D predicted higher values than the
values that were measured during the field-scale tests. A comparison between the predicted and
measured amount of time required for water to flow through each layer, using HYDRUS-1D
program and in-situ instrumentation, within Test Pads 1 and 2 are also shown in Figures 4.11a
and 4.11b and Figures 4.11c and 4.11d, respectively. Quantifying and predicting the hydrologic
responses using HYDRUS-1D model were challenging because the program requires an
extensive input of geotechnical parameters such as: saturated-unsaturated hydraulic properties,
physical design, root uptake, meteorological conditions and vegetation data that were not
available for this analysis. Only saturated in-situ hydraulic conductivity values and fitting
parameters (, m, n) obtained from the measured SWCC were available to be as used as input
within the program, and the other parameters were ignored. Therefore, not accounting for all the
aforementioned parameters may have led to the predicted hydraulic conductivity values being
too low using HYDRUS-1D.
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Figure 4.11. (a,c) Predicted hydraulic conductivity values as function of depth obtained using
HYDRUS-1D, and (b,d) measured and predicted amount of time required for the wetting front to
reach the probes for Test Pad 1 (a,b) and Test Pad 2 (c,d).
The measured hydraulic conductivity values from SDRI were lower than the regulator
values (less than 1x10-7cm/sec) in Layer 1 and 2 at the depth of 76.2cm and 59.74cm,
respectively, when using the wetting front and suction methods. However, as displayed
previously in Figure 4.3a, higher hydraulic conductivity measurements were observed using the
apparent method, where the wetting front and suction front were not monitored. Conversely, the
values obtained from the TSB testing were also below the regulatory limit. The values predicted
using the RETC and HYDRUS-1D computer programs exceeded the regulatory limit at each
layer (greater than 1x10-7cm/s). As reported in Chiu and Shackelford (1998), the over-prediction
within the RETC program may be caused by inability of capillary tube models (van GenuchtenMualem for this case) to capture the complexities of unsaturated flow through compacted soils.
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4.8.5. Effects of Testing Procedures
As previously discussed, the testing procedures that were utilized to collect the field data
may have affected the obtained results. The soils that were utilized were placed in accordance to
the previously established placement method (as shown previously in Figure 4.5). This
placement method and the corresponding zone of acceptance was developed to ensure low values
of permeability (wet side of optimum water content) and was not developed to enable the
measurement of the sorption SWCC. Layer 1, within Test Pad 2, was placed at a lower value of
water content. This lower water content value was observed to improve the measurement of the
sorption SWCC relative to the other wetter layers during the infiltration phase. Therefore, to
obtain well-defined sorption and desorption curves, a new ZOA should be considered for future
test pad investigations that focus on SWCCs.
4.9. Conclusion
A field-method, to attain the SWCC and k-function for a compacted clay liner, was
developed by using the data obtained from in-situ instrumentation. Like with any other field
instrumentation test, a verification and validation of the “field-obtained” method was performed.
The presented results agree with the results of previous studies; there was a poor correlation
between field-obtained and laboratory-obtained k-functions. Based upon the obtained results, the
following conclusions and recommendation were drawn:
-

The shapes of the field and laboratory-obtained SWCC were similar, albeit, at different
volumetric water contents.

-

Due to the lack of sensitivity of the TDR probes within the wet region, it is
recommended that the soil be compacted dry of the utilized ZOA for future laboratory
investigations to overcome the difficulty of: 1) capturing the change of volumetric
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water content during SDRI or TSB testing, and 2) predicting the location of the wetting
front during wetting cycle.
-

It was determined that changes in qs, from a change in soil conditions or saturation,
has a substantial impact on the predicted k-function. Therefore, when using the RETC
program to determine the SWCC and k-function of a soil, the initial conditions of the
soil should be representative of the in-situ soil.

-

Because laboratory tests (WP4, TRIM) change the state of the soil, the SWCCs and kfunctions determined using these methods may not be characteristic of the in-situ soil.
Therefore, it is recommended that only methods that can match the soil state in the
field (specifically bulk density, porosity, and water content) be used to determine
SWCCs and k-functions.
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CHAPTER 5: CONCLUSIONS
5.1. Chapter Overview
The conclusions that were amassed in this work are contained in this chapter. In Section
5.2, a summary of major findings is provided. Limitations of the work that was described in this
document are outlined in Section 5.3. Finally, recommendations for future work are provided in
Section 5.4.
5.2. Summary
The two-stage borehole (TSB) methods (Method A, Method B, and Method C), as
presented in ASTM D6391 (2011) were assessed by 1) examining the evolution of each of the
methods in literature and 2) by comparing the results obtained by using each method to evaluate
field-scale laboratory compacted clay liners (CCLs). The evaluation of the TSB methods was
described in Chapter 3 of this document. Additionally, in-situ instrumentation was utilized within
constructed test pads at the University of Arkansas to investigate the observed differences
between field-obtained and laboratory-obtained soil water characteristic curves (SWCCs) and
hydraulic conductivity functions (k-functions). The observed SWCCs and k-functions were
presented in Chapter 4 of this document.
Several errors were observed within the ASTM D6391 (2011) standard. Specifically,
errors were observed in: the example data sheets, equations for Method B, and Method C
equation. The ASTM data sheets contain numerous errors and should be corrected to avoid
causing confusing among practitioners. The equation for Method C was incorrectly derived; the
corrected equation and the derivation for the corrected equation were presented in Section 3.7.2.
Method B was determined to be under constrained. Two recommendations to improve Method B
were provided; 1) a greater number of readings per filling of the standpipe should be acquired
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and 2) the value of Z* should be independently determined to correspond to the piezometric line.
It was recommended that Method B not be utilized until additional guidelines are developed.
The shape of the field-obtained and laboratory-obtained SWCCs were similar; however,
the curves corresponded with different values of volumetric water content. The aforementioned
difference significantly affected the k-functions. Therefore, when field-obtained SWCCs can be
determined, it is recommended that the field-obtained curves be utilized, because the laboratory
curves were non-representative. This was attributed to 1) the differing values of saturated
volumetric water content that caused the curves to shift along the x-axis, and 2) changes in the
soil state during laboratory testing (specifically changes in bulk density, porosity, soil structure,
confining stress) that occurred as a result of the soil being disturbed. It was recommended that
only laboratory methods that match the field state be utilized to determine SWCCs and kfunctions.
5.3. Limitations
Most of the limitations associated with the work presented within this document are in
regard to the need for further validation and the incorporation of additional testing methods.
Specifically, for the evaluation of TSB methods, the following limitations were observed:
•

Although ASTM D6391 (2011) Method B is derived from the velocity method (Chapuis
1999), there are deviations between two methods. Therefore, the velocity method should
be further investigated;

•

ASTM D6391 (2011) Method C was shown to be less variable, but is only utilized as a
Stage 1 test and the value of the vertical hydraulic conductivity was obtained;

•

ASTM D6391 (2011) Method B is also only for a one stage test.

For the SWCC and k-functions investigation the following limitation were observed:
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•

Only two laboratory methods were utilized in the comparison; for completeness, results
from other common laboratory testing methods should also be compared with the field
results;

•

It is difficult to determine SWCCs from test pads placed in wet conditions or that only
experience small variations in water content;

•

Although it is sometimes difficult or impractical to determine SWCCs in the field,
additional guidance was provided that may enhance laboratory-obtained SWCCs.

5.4. Recommendations
In accordance with the limitations identified in Section 5.3, the following recommendations
are made for future research:
•

Additional TSB testing should be performed, with an emphasis on ASTM D6391 (2011)
Method B and ASTM D6391 (2011) Method C, under Stage 2 conditions;

•

The differences between ASTM D6391 (2011) Method B and other proposed velocity
methods (Chapuis 1999, Chiasson 2005) should be further investigated;

•

Validation of the observed differences between laboratory and field-obtained SWCCs
should be performed, utilizing other common testing methods to determine the SWCC in
the laboratory;

•

Procedures/guidelines should be developed to enhance laboratory-obtained SWCCs when
field-obtained SWCCs are unavailable.
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